This paper focuses on the twist defects and the control strategy in the process of four-roll bending for aluminum alloy Z-section profiles with large cross-section. A 3D finite element model (3D-FEM) of roll bending process has been developed, on the premise of the curvature radius of the profile, the particularly pronounced twist defects characteristic of 7075-O aluminum alloy Z-section profiles were studied by FE method. The simulation results showed that the effective control of the twist defects of the profile could be realized by adjusting the side roller so that the exit guide roll was higher than the entrance one (the side rolls presented an asymmetric loading mode with respect to the main rolls) and increasing the radius of upper roll. Corresponding experimental tests were carried out to verify the accuracy of the numerical analysis. The experimental results indicated that control strategies based on finite element analysis (FEA) had a significant inhibitory function on twist defects in the actual roll bending process.
Introduction
As one of the indispensable structures for mass transportation and load-carrying with enormous quantities and diversities, the aluminum alloy products, especially aluminum alloy profiles have been increasingly applied in the aerospace industries, such profiles satisfy the current needs for products with high strength-to-weight ratio, excellent formability, lightweight and high performance [1, 2] . To realize the various applications in the aerospace industry, the demand for bent profile parts usually with large scales and shapes differs in various bending angles/radii and geometric cross-section are mainly produced by roll bending process [3, 4] . However, similar to sheet metal bending, non-uniform deformation inevitably occurs during bending, viz., tension at the extrados and compression at the intrados of the bending profiles and also a certain degree of twist often occurs during the roll bending process [5, 6] . This phenomenon even behaves more obvious for the profiles with asymmetrical section characteristics and can be defined as twist springback or twist defects, which significantly affects the dimensional accuracy and geometrical properties of the product [7] [8] [9] . As the higher precision requirement in the aerospace industry, it becomes a challenge to efficiently control aluminum alloy twist defects and to accomplish precision forming. It is necessary to make accurate prediction for 
Roll-Bending Process
The application of profiles with asymmetrical section need to satisfy the requirement of various curvatures and different cross-section at the same time, a profiles bending technique that guarantees design flexibility and shape accuracy is a requisite. Accordingly, the roll bending process as a flexible forming process is usually used to produce such profiles, the schematic diagram of four-roll bending process is shown in Figure 2a . During roll bending, the upper and lower rolls (O1 and O2) clamp the workpiece with clamping force P and also ensure that there is enough friction to move the workpiece at a certain speed v. The bent part will be shaped with a certain curvature by adjusting the strokes X1 and X2 of side rolls O3 and O4. In this study, a Versatile Place and Route-Specification-Computer Numerical Control (VPR-SPEC-CNC; HAEUSLER AG Duggingen, Baselstrasse, The Switzerland) four-roll bending forming machine is adopted, as shown in Figure 2b . 
The application of profiles with asymmetrical section need to satisfy the requirement of various curvatures and different cross-section at the same time, a profiles bending technique that guarantees design flexibility and shape accuracy is a requisite. Accordingly, the roll bending process as a flexible forming process is usually used to produce such profiles, the schematic diagram of four-roll bending process is shown in Figure 2a . During roll bending, the upper and lower rolls (O 1 and O 2 ) clamp the workpiece with clamping force P and also ensure that there is enough friction to move the workpiece at a certain speed v. The bent part will be shaped with a certain curvature by adjusting the strokes X 1 and X 2 of side rolls O 3 and O 4 . In this study, a Versatile Place and Route-Specification-Computer Numerical Control (VPR-SPEC-CNC; HAEUSLER AG Duggingen, Baselstrasse, The Switzerland) four-roll bending forming machine is adopted, as shown in Figure 2b . 
Analysis of Twist Defects
The main defect produced in profiles with large Z-section in roll bending process is the twist phenomenon after releasing the specimen from tools, as shown in Figure 3a . The twist of a bent profile part with Z-section results in the translation of the cross-section is accompanied by rotation along the circumferential direction length as shown in Figure 3b , which can be defined as twist displacement and twist angle, respectively. Assuming the initial bending section (the section A1-A1 in Figure 1 ) as the standard forming section, Figure 3b shows the comparison of the twist cross-section with the standard forming section corresponding to the section T1-T1 and section T2-T2 (in Figure 3a ). As can be seen in Figure 3 , the twist angle increases with the increasing circumferential direction length, viz. 1 2 < θ θ , and the twist displacement also varies in the same trend, that is 1 2 < l l . Besides, the twist displacement is the distance from the deformed section to standard forming section at point 2 H .
The calculation of the twist displacement ( 1 l and 2 l ) and twist angle ( 1 θ and 2 θ ) are as follows in section 3.3. 
The main defect produced in profiles with large Z-section in roll bending process is the twist phenomenon after releasing the specimen from tools, as shown in Figure 3a . The twist of a bent profile part with Z-section results in the translation of the cross-section is accompanied by rotation along the circumferential direction length as shown in Figure 3b , which can be defined as twist displacement and twist angle, respectively. Assuming the initial bending section (the section A 1 -A 1 in Figure 1 ) as the standard forming section, Figure 3b shows the comparison of the twist cross-section with the standard forming section corresponding to the section T 1 -T 1 and section T 2 -T 2 (in Figure 3a ). As can be seen in Figure 3 , the twist angle increases with the increasing circumferential direction length, viz. θ 1 < θ 2 , and the twist displacement also varies in the same trend, that is l 1 < l 2 . Besides, the twist displacement is the distance from the deformed section to standard forming section at point H/2. The calculation of the twist displacement (l 1 and l 2 ) and twist angle (θ 1 and θ 2 ) are as follows in Section 3.3. 
The calculation of the twist displacement ( 1 l and 2 l ) and twist angle ( 1 θ and 2 θ ) are as follows in section 3.3. The potential reason for the occurrence of twist defects is that during the roll-bending process of Z-section profiles, the resultant force P exerted by side rolls on the profile section does not pass through any central inertial plane of the cross-section, viz., the plane doesn't through the y-axis or z-axis, but passes parallel to the profile web as shown in Figure 4 . This phenomenon is due to the asymmetry of profile section. The potential reason for the occurrence of twist defects is that during the roll-bending process of Z-section profiles, the resultant force P exerted by side rolls on the profile section does not pass through any central inertial plane of the cross-section, viz., the plane doesn't through the y-axis or zaxis, but passes parallel to the profile web as shown in Figure 4 . This phenomenon is due to the asymmetry of profile section. As can be seen from Figure 4 , the resultant force P mentioned above is parallel to the web, which can be decomposed into two components y P and z P , which are parallel to the y-axis and z-axis, respectively. Based on the mechanics of sheet metal forming [18] , the deflection caused by the two components are y f and z f , expressed as
where, y P and z P are the components of the resultant force P, s D is the distance between the upper roll and the side roll, E is the young's modulus, y I and z I are the moment of inertia. As, In the light of the reason for twist, the deflection resulting in the twist can be reduced by reducing the variable parameters P and s D that reflected in Equation (1). On the premise of no slipping in the actual rolling bending process, the resultant force P is often calculated according to the material properties and set as small as possible to prevent the material from being damaged due to excessive resultant force [19] . According to Equation (1), the twist defects can be inhibited by reducing the distance between the upper roll and the side roll. Besides, in order to inhibit the twist defects, the method to increase enough constraint along X-axis (in Figure 3b ) on profiles in the deformation region is adopted, which can be conducted by adjusting the loading pattern of side rolls. Therefore, As can be seen from Figure 4 , the resultant force P mentioned above is parallel to the web, which can be decomposed into two components P y and P z , which are parallel to the y-axis and z-axis, respectively. Based on the mechanics of sheet metal forming [18] , the deflection caused by the two components are f y and f z , expressed as
where, P y and P z are the components of the resultant force P, D s is the distance between the upper roll and the side roll, E is the young's modulus, I y and I z are the moment of inertia. As, P y P z , I y I z , in addition, the centroid of the Z-section moving from O and O , the axial deflection between the clamping rolls (upper and lower rolls) and side rolls is f . In addition, the resultant force P of side rolls on the workpiece does not pass through the flexural center c during roll bending, resulting in the torque M = Pe upon the twist defects, where, e is the horizontal distance between the centroid O and the applied point of resultant force P.
In the light of the reason for twist, the deflection resulting in the twist can be reduced by reducing the variable parameters P and D s that reflected in Equation (1). On the premise of no slipping in the actual rolling bending process, the resultant force P is often calculated according to the material properties and set as small as possible to prevent the material from being damaged due to excessive resultant force [19] . According to Equation (1), the twist defects can be inhibited by reducing the distance between the upper roll and the side roll. Besides, in order to inhibit the twist defects, the method to increase enough constraint along X-axis (in Figure 3b ) on profiles in the deformation region is adopted, which can be conducted by adjusting the loading pattern of side rolls. Therefore, the following research work will discuss the inhibition methodology of twist defects based on the two ideas mentioned above.
Finite Element Analysis of Twist Defects
The numerical implementation for the twist is realized by ABAQUS and the simulation process consists of two steps: (i) elastic-plastic loading (corresponding to roll bending) as the A B interval in Figure 2a , and (ii) elastic-plastic unloading (corresponding to releasing the specimen from tools) as the C D interval in Figure 2a .
3D-FEM of Roll-Bending Process

Procedure Type and Element
According to the practical profile roll bending process, a 3D elastic-plastic finite element model (3D-FEM) of roll bending test has been developed in the ABAQUS/CAE (Computer Aided Engineering) environment, which represents an approximated modeling of the roll bending machine tools interacting with the specimen. The simulation analysis of roll bending process mainly involves five parts: Four rigid rolls and one flexible profile. In order to ensure the accuracy of simulation results, the specimen is meshed with linear brick eight-node element (C3D8R). The four rigid rolls are discretized with a 4-node 3-D bilinear rigid quadrilateral (R3D4), and the final finite element model is illustrated in Figure 5 . The rolls are modeled as an ideal undeformable shell, the stiffness of which are imposed infinite (rigid-body constraint), given the higher plasticity as compared to those of the specimen. In bending simulation, the mass scaling feature of 100 is utilized to improve the computation efficiency with neglected inertia effect by using the convergence analysis.
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Interaction and Output
The "point and face" contact type is used to define the contact behaviors between all surfaces of profiles and rolls. The "limited slip" is used to define the slip behaviors between profile and rolls during roll bending. The "coulomb friction" model is used to represent the friction behavior; friction coefficient of 0.17 is used for the contact interactions. Rigid body constraints are specified to form element-based rigid bodies (rolls). A penalty-type mechanical constraint is used for all of the contact pair definitions. Material anisotropy is ignored [17] , a general contact interaction is defined between the rolls and the element-based surface of the aluminum alloy profile as shown in Table 1 . Table 1 . Contact interaction between the rolls and profile.
Contact Type Slip Type Friction Type Friction Coefficients
Point and face Limited slip Coulomb friction 0.17 
Boundary Conditions
Interaction and Output
Contact Type Slip Type Friction Type Friction Coefficients
Point and face Limited slip Coulomb friction 0.17
Boundary Conditions
In FEM, geometric nonlinearity and automatic time incrementation using element-by-element stable time increment estimates are utilized. All the degrees of freedom are constrained at the reference Metals 2020, 10, 31 7 of 16 nodes of the bending rolls. The boundary constraints are applied by "displacement/rotates" to realize the actual process of four-roll bending process.
The roll bending simulations consist of three explicit dynamic steps. In step 1, the upper and lower rolls O 1 and O 2 clamped the workpiece with clamping force P (as shown in Figure 2a ). In step 2, the side rolls are adjusted to a certain position as strokes X 1 and X 2 respectively. In step 3, the friction between the upper roll drive and the workpiece at a certain speed v is to form the bent profile part. The constraint definition for components is shown in Table 2 . Additionally, these constraint definitions do not change during roll bending and the constraint components keep the same position. 
X, Y and Z are the coordinate axes of the three-dimensional coordinate system (as can be seen in Figure 5 ).
Material and Properties for Simulation Input
The studied material is 7075-O aluminum alloy and the chemical compositions of this material are listed in Table 3 . Uniaxial tension tests are conducted for the 7075-O aluminum alloy to obtain the mechanical properties. The samples were cut from web of profile with respect to the roll direction by water-jet cutting, and the design dimension for the specimen shape is shown in Figure 6 . The tensile tests were carried out at room temperature using CSS.44100 electronic universal testing machine (CSS.44100 EUTM; Fangyuan Instrument Co., Ltd., Wenzhou, China) equipped by extensometer with a gauge length of 50 mm, see Figure 7 . In FEM, geometric nonlinearity and automatic time incrementation using element-by-element stable time increment estimates are utilized. All the degrees of freedom are constrained at the reference nodes of the bending rolls. The boundary constraints are applied by "displacement/rotates" to realize the actual process of four-roll bending process.
The roll bending simulations consist of three explicit dynamic steps. In step 1, the upper and lower rolls O1 and O2 clamped the workpiece with clamping force P (as shown in Figure 2a ). In step 2, the side rolls are adjusted to a certain position as strokes X1 and X2 respectively. In step 3, the friction between the upper roll drive and the workpiece at a certain speed v is to form the bent profile part. The constraint definition for components is shown in Table 2 . Additionally, these constraint definitions do not change during roll bending and the constraint components keep the same position. 
The studied material is 7075-O aluminum alloy and the chemical compositions of this material are listed in Table 3 . Uniaxial tension tests are conducted for the 7075-O aluminum alloy to obtain the mechanical properties. The samples were cut from web of profile with respect to the roll direction by water-jet cutting, and the design dimension for the specimen shape is shown in Figure 6 . The tensile tests were carried out at room temperature using CSS.44100 electronic universal testing machine (CSS.44100 EUTM; Fangyuan Instrument Co., Ltd., Wenzhou, China) equipped by extensometer with a gauge length of 50 mm, see Figure 7 . Tensile loading speed in longitudinal direction was set to 1 mm/min, the acquisition frequency of the load and displacement data input built-in automatic signal acquisition system was 10 Hz. The axial strain obtained by the longitudinal extensometer, viz., the 50 mm extensometer was used to measure the strain, and the 25 mm extensometer was used to calibrate the elastic modulus of the sample. The material flow behavior was characterized on the basis of the true stress-strain curve, as the black curve illustrates in Figure 8 . According to the data fitting method, the true stress-strain curves can be fit by the Holloman power law [21] , as the red curve that shown in Figure 8 . The mechanical properties obtained from the tension tests are listed in Table 4 . Note that the material constitutive properties of the profile are implemented considering the results of the tensile tests, and the Von Mises yield function and isotropic hardening model are used [22, 23] . Tensile loading speed in longitudinal direction was set to 1 mm/min, the acquisition frequency of the load and displacement data input built-in automatic signal acquisition system was 10 Hz. The axial strain obtained by the longitudinal extensometer, viz., the 50 mm extensometer was used to measure the strain, and the 25 mm extensometer was used to calibrate the elastic modulus of the sample. The material flow behavior was characterized on the basis of the true stress-strain curve, as the black curve illustrates in Figure 8 . According to the data fitting method, the true stress-strain curves can be fit by the Holloman power law [21] , as the red curve that shown in Figure 8 . The mechanical properties obtained from the tension tests are listed in Table 4 . Note that the material constitutive properties of the profile are implemented considering the results of the tensile tests, and the Von Mises yield function and isotropic hardening model are used [22, 23] . Tensile loading speed in longitudinal direction was set to 1 mm/min, the acquisition frequency of the load and displacement data input built-in automatic signal acquisition system was 10 Hz. The axial strain obtained by the longitudinal extensometer, viz., the 50 mm extensometer was used to measure the strain, and the 25 mm extensometer was used to calibrate the elastic modulus of the sample. The material flow behavior was characterized on the basis of the true stress-strain curve, as the black curve illustrates in Figure 8 . According to the data fitting method, the true stress-strain curves can be fit by the Holloman power law [21] , as the red curve that shown in Figure 8 . The mechanical properties obtained from the tension tests are listed in Table 4 . Note that the material constitutive properties of the profile are implemented considering the results of the tensile tests, and the Von Mises yield function and isotropic hardening model are used [22, 23] . 
Twist Defects Measurement
Measuring reference points and distribution cross-section of these points for the twist of Z-section profiles after roll bending are illustrated in Figure 9 . The measuring points are distributed at the intersection line between the transition surface from the web to the flange, as shown in Figure 9a , where RP-1 is the measuring point near the intrados and RP-2 is the measuring point near the extrados, respectively. Besides, RP-1 and RP-2 must be distributed at the same reference cross-section, see Figure 9b . According to the simulation result, the displacements of the measurement points and their corresponding nodes along the Z-axis direction are taken to calculate the twist as shown in Figure 9c . Measuring reference points and distribution cross-section of these points for the twist of Zsection profiles after roll bending are illustrated in Figure 9 . The measuring points are distributed at the intersection line between the transition surface from the web to the flange, as shown in Figure 9a , where RP-1 is the measuring point near the intrados and RP-2 is the measuring point near the extrados, respectively. Besides, RP-1 and RP-2 must be distributed at the same reference cross-section, see Figure 9b . According to the simulation result, the displacements of the measurement points and their corresponding nodes along the Z-axis direction are taken to calculate the twist as shown in Figure 9c . As shown in Figure 9c , set the distance between the measuring point near the intrados and the measuring reference surface as i l , the corresponding distance near the extrados is e l , let the distance between the two reference points (RP-1 and RP-2) at the same section as h . The twist angle can be given by
, which can be calculated based on the geometric relationship of the crosssection as shown in Figure 1 .
Assuming that the neutral layer, viz., the transition layer that is neither tensile nor compressive doesn't shift during roll-bending, the displacement of neutral layer shift along the X-axis can be defined as twist displacement, expressed as As shown in Figure 9c , set the distance between the measuring point near the intrados and the measuring reference surface as l i , the corresponding distance near the extrados is l e , let the distance between the two reference points (RP-1 and RP-2) at the same section as h. The twist angle can be given by
where h = H − 2(t + R), which can be calculated based on the geometric relationship of the cross-section as shown in Figure 1 .
Assuming that the neutral layer, viz., the transition layer that is neither tensile nor compressive doesn't shift during roll-bending, the displacement of neutral layer shift along the X-axis can be defined as twist displacement, expressed as
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FE Analysis of Twist
Simulation Scheme
According to the analysis of twist for roll bending profile in Section 3.3, the twist defects of the profiles in roll bending is mainly affected by the combination of forming radius. Therefore, a numerical simulation test scheme was designed for the comprehensive influence of the radius of upper roll and the stroke of the side roller. Taking the twist of the profiles with extrados target forming radius R T = 1630 mm as a research object, the detailed simulation schemes, as shown in Table 5 . 
Effect of Loading Pattern of Side Rolls on Twist Defects
For accurate measurement, the corresponding measuring nodes (250 mm per interval) were selected as the measuring point in simulations. In the case of R u = 220 mm, R T = 1630 mm and the length of bending region profiles was 2000 mm. Detailed simulations results of the twist displacement and twist angle for Z-section profiles, as shown in Figure 10 . It can be seen clearly that under the asymmetrical loading patterns, the twist displacement and twist angle were smaller than that obtained value under the symmetrical loading pattern. In the case of asymmetrical loading pattern X 1 = 107.2 mm, X 2 = 171.5 mm (Scheme 3 in Table 5 ), the simulation results of twist displacement and twist angle were 56.49 mm and 0.247 rad, respectively. Comparison with the corresponding values 73.45 mm and 0.304 rad obtained by symmetrical loading X 1 = X 2 = 134.1 mm (Scheme 1 in Table 5) shows that the twist displacement and twist angle decreased by maximum of 23.09% and 18.75%, respectively. While, under the asymmetrical loading pattern that the exit guide roll was adjusted higher than the entrance one (Scheme 2 in Table 5 ), the twist displacement and twist angle were 40.73 mm and 0.195 rad, comparison with the symmetrical loading shows that both values decreased by 44.54% and 35.86%, respectively. 
Effect of the Radius of Upper Roll on Twist Defects
Similar to the asymmetrical loading pattern, based on the methodology that increasing constraint region results in decreasing twist defects, a control strategy with an increased radius of the The simulation results indicate that asymmetrical loading pattern could be used to control twist defects under the same radius of upper roll process conditions. Especially, the exit guide roll was adjusted higher than the entrance one, the twist displacement and twist angle were smaller than the other two loading patterns. The potential reason behind the inhibition function of the asymmetrical loading pattern on twist can be explained by the fact that under this loading condition, more constraints from the upper and lower rolls imposed on the clamping region result in decreasing twist defects.
Similar to the asymmetrical loading pattern, based on the methodology that increasing constraint region results in decreasing twist defects, a control strategy with an increased radius of the upper roll was adopted to inhibit twist defects. For the radius of upper roll R u = 250 mm, detailed simulations results of twist defects for Z-section profiles under three loading patterns, as shown in Figure 11 . As can be seen in Figure 11 , in the case of the same R u , for asymmetrical loading pattern that the exit guide roll higher than the entrance one X 1 = 150.8 mm and X 2 = 104.4 mm (Scheme 5 in Table 5 ), the twist displacement and twist angle were 36.85 mm and 0.162 rad, respectively. Comparison with the corresponding values 61.56 mm and 0.267 rad obtained by symmetrical loading X 1 = X 2 = 119.3 mm (Scheme 4 in Table 5 ), the twist displacement and twist angle decreased by maximum of 40.14% and 39.33%, respectively. While under the same asymmetrical loading pattern, the twist displacement and twist angle were smaller than that obtained for the radius of the upper roll R u = 220 mm that as illustrated in Figure 10 . The justification behind this phenomenon was that when the radius of upper roll was larger, the more constraints from the upper and lower rolls imposed on the clamping region, the more significant inhibitory function on twist defects. Theoretically, the control strategy by increasing the radius of upper roll for twist defects can be described by Equation (1) . As the radius of the upper roll increases, the distance D s between the upper roll and the side roll decreases (see Figure 2a ), resulting in a decrease in deflection that upon on the twist. 
Experimental Results and Discussion
Experimental Procedures
Roll bending tests for Z-section profiles were performed with extrados target forming radius RT = 1630 mm and the length of bending region profiles was 2000 mm. To verify the inhibitory function of loading pattern and the radius of upper roll on twist defects, a series of experiments were carried out for 7075-O aluminum alloy Z-section profiles. A VPR-SPEC-CNC four-roll bending forming machine was adopted (as shown in Figure 2b) .
The method of obtaining experimental measurement data and twist calculation were the same as the simulation as illustrated in section 3.3. In order to guarantee the measuring points RP-1 and RP-2 at the same section before and after roll bending, the length of Z-section profiles before roll bending was divided into multiple intervals with the same length and marked, as shown in Figure  12a . The measuring marks of the local forming workpiece after roll bending as shown in Figure 12b . Both Figures 10 and 11 indicated, by the asymmetrical loading pattern, that the exit guide roll was adjusted higher than the entrance one; additionally, if increasing the radius of upper roll was adopted simultaneously, a better inhibitory function on twist.
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Validation of the Simulation Model
According to the simulation scheme as shown in Table 5 , the corresponding roll bending tests for Z-section profiles were performed to verify the accuracy of the simulation model. Maximum deformation was a criterion for evaluating part forming accuracy, which was often located at the end of the bending region; Figure 13 illustrated the maximum twist displacement and twist angle measured at this region. The comparison with those numerical simulation results of maximum twist 
According to the simulation scheme as shown in Table 5 , the corresponding roll bending tests for Z-section profiles were performed to verify the accuracy of the simulation model. Maximum deformation was a criterion for evaluating part forming accuracy, which was often located at the end of the bending region; Figure 13 illustrated the maximum twist displacement and twist angle measured at this region. The comparison with those numerical simulation results of maximum twist displacement and twist angle at the end of the bending region, as shown in Table 6 . As can be seen, the maximum prediction error of twist displacement and twist angle were 8.90% and 8.88%, respectively. The comparison analysis indicated that the error between the finite element calculation and experimental measurement results was small and within a reasonable range of 10%. Additionally, the error bars (see in Figure 13 ) were used to characterize the spread of measurement data, which can be given by
be given by ( )
where, m i is the measurement value, m is the average value for three measurement values. In order to compare twist displacement and twist angle between experimental tests and finite element results, Figure 14 shows the detailed evolution of these two variables with measuring length. It can be seen clearly that the simulation results were closer to the experimental tests. The variation trends of both were almost the same under the three loading patterns and the two radii of upper roll. Under the asymmetrical loading pattern, the twist displacement and twist angle were smaller than that obtained under the symmetrical loading pattern. In addition, the error between the experimental and numerical simulation results under asymmetric loading was smaller than that under symmetric loading. Under the asymmetrical loading pattern that the exit guide roll was adjusted higher than the entrance one. The difference between the simulation results and experimental tests was smallest, as more constraints imposed on Z-section profiles in actual roll bending process were more closely to the ideal constraint condition in finite element model. Besides, when the radius of upper roll was Ru = 250 mm, the error between numerical calculation and experimental results was less than that of Ru = 220 mm, as shown in Figure 14 , which could be explained by the same reason for asymmetrical loading pattern. Moreover, as the twist displacement and twist angle were calculated numerically under ideal constraint conditions, the error was smaller than the experimental results, but the difference between them was all within a reasonable range. Therefore, the finite element analysis In order to compare twist displacement and twist angle between experimental tests and finite element results, Figure 14 shows the detailed evolution of these two variables with measuring length. It can be seen clearly that the simulation results were closer to the experimental tests. The variation trends of both were almost the same under the three loading patterns and the two radii of upper roll. Under the asymmetrical loading pattern, the twist displacement and twist angle were smaller than that obtained under the symmetrical loading pattern. In addition, the error between the experimental and numerical simulation results under asymmetric loading was smaller than that under symmetric loading. Under the asymmetrical loading pattern that the exit guide roll was adjusted higher than the entrance one. The difference between the simulation results and experimental tests was smallest, as more constraints imposed on Z-section profiles in actual roll bending process were more closely to the ideal constraint condition in finite element model. Besides, when the radius of upper roll was R u = 250 mm, the error between numerical calculation and experimental results was less than that of R u = 220 mm, as shown in Figure 14 , which could be explained by the same reason for asymmetrical loading pattern. Moreover, as the twist displacement and twist angle were calculated numerically under ideal constraint conditions, the error was smaller than the experimental results, but the difference between them was all within a reasonable range. Therefore, the finite element analysis model can be used to predict the twist of the profiles with large Z-section during roll-bending under certain process conditions. Metals 2019, 9, model can be used to predict the twist of the profiles with large Z-section during roll-bending under certain process conditions. 
Conclusions
In this work, twist defects of Z-section profiles with large cross-section occurring in the four-roll bending process was investigated using experimental and numerical simulation methods. A 3D finite element model for roll bending process was developed by ABAQUS and twist displacement and twist angle were analyzed under different process parameters. Corresponding control strategies including asymmetrical loading pattern and increasing the radius of upper roll for inhibiting twist defects were proposed based on theoretical analysis of twist defects. Finite-element results were verified by comparison with the results of experimental results. The main achievements of this study were as follows:
(1) The roll bending process was simulated by ABAQUS and twist defects of Z-section profiles were analyzed under different loading patterns and the radius of upper roll. The maximum prediction error of the twist displacement and twist angle compared with the experimental results was within a reasonable range 10%. (2) The reason for the twist defects of the profile with asymmetrical section during the roll bending was explained, and the formula for the twist displacement and twist angle were deduced for Zsection profiles. (3) The asymmetrical loading pattern can be used to control twist defects. A significant inhibitory function on twist defects was obtained when the exit guide roll was adjusted higher than the entrance one. (4) The idea of using a larger radius of upper roll presented in this work was to increase the constraint region between the clamp rolls and profiles that could effectively inhibit twist defects. 
(1) The roll bending process was simulated by ABAQUS and twist defects of Z-section profiles were analyzed under different loading patterns and the radius of upper roll. The maximum prediction error of the twist displacement and twist angle compared with the experimental results was within a reasonable range 10%. (2) The reason for the twist defects of the profile with asymmetrical section during the roll bending was explained, and the formula for the twist displacement and twist angle were deduced for Z-section profiles. (3) The asymmetrical loading pattern can be used to control twist defects. A significant inhibitory function on twist defects was obtained when the exit guide roll was adjusted higher than the entrance one. (4) The idea of using a larger radius of upper roll presented in this work was to increase the constraint region between the clamp rolls and profiles that could effectively inhibit twist defects. 
